Temporal and spatial characteristics of serrated plastic flow or the so-called Portevin-Le Chatelier (PLC) deformation bands in a commercial
Introduction
Plastic flow in metals and alloys at ambient condition is originated from generation and motion of dislocations through their crystallographic lattices ͓1͔. The deformation process at the microscopic level is temporarily discontinuous and spatially discrete, but the overall behavior of a polycrystalline metal is often shown to have a stable flow stress strain curve and a smooth plastic flow pattern at the macroscopic level. However, macroscopic unstable plastic flow in terms of serrated yielding and deformation bands can also be manifested in metals and alloys exhibiting strong static and dynamic strain aging effects ͓1-4͔. One of the clearest examples of the so-called Portevin-Le Chatetlier or dynamic strain aging effect is the plastic flow behavior of dilute Al-Mg alloys under uniaxial tension ͓3,4͔. Although the unstable plastic flow behavior in these metals is generally understood as the consequence of solute-dislocation interaction at the microscopic level as proposed by Cottrell ͓1͔ over a half century ago, a complete understanding on detailed micromechanical mechanisms and various factors that may affect the macroscopic behavior of serrated plastic flow remains lacking. Besides that the PLC effect involves collective behavior of large dislocations in a complex manner, the exact nature of the serrated plastic flow has rarely been characterized in details even at the macroscopic level.
Here, we present an experimental study on characterizing, both temporally and spatially, the serrated plastic flow in an Al-Mg alloy ͑AA5052-H32͒. As computer-assisted analyses of serrations in the time domain have now been widely used to evaluate the PLC effect in a material ͓5-7͔, one of the major objectives in our study is to evaluate to what a degree that various factors ͑size and geometry of test coupons, test machines, mechanical polishing, and loading interruptions͒ may affect the temporal characteristics of serrated flow in AA5052-H32. Another objective of our study is to measure the morphology of individual PLC bands in terms of detailed strain distributions by digital image correlation ͓8-12͔ to shed some light on the possible mechanism and process when each band is generated. In the following, the material and experimental procedure used in our study are described first in Sec. 2. The experimental results are then presented in Sec. 3 in terms of temporal and spatial characteristics of serrated plastic flow. Discussion is given in Sec. 4 on the morphology of PLC bands, the sensitivity of serrations on various factors, the effect of anisotropic plasticity on the band orientation angle, and the unique advantage of the high-resolution digital imaging and the associated correlation-based strain-mapping technique for studying the spatial morphology of PLC bands. Conclusions of our study are summarized in Sec. 5.
Experimental Procedure
The material studied in this investigation was a commercial aluminum-magnesium alloy AA5052-H32 sheet with major alloying elements of 2.5 wt. % Mg and 0.25 wt. % Cr ͓13͔. The asreceived polycrystalline sheet had the strain-hardened and stabilized H32 temper and was not strongly textured. It had a thickness of 0.95 mm and an average grain size of ϳ12 m. Two types of uniaxial tensile test coupons were machined from the AA5052-H32 sheet, with their axial loading directions aligned with the sheet rolling direction. The first type, designated as a standard test coupon ͑ST͒, had a gauge section with dimensions of 12.65 mm wide and 67 mm long, similar to the standard ASTM E8 flat metallic tension coupons. The second type, designated as a compact test coupon ͑CT͒, had a size of about 1/3 of the standard ones ͑with a gage section of 4.6 mm wide and 20 mm long͒. As shown in Table 1 , a total of five compact test coupons ͑CT1-CT5͒ and two standard test coupons ͑ST#1 and ST#2͒ were tested in this study. Four of the five compact test coupons had a reduced thickness ranging from 0.21 mm to 0.93 mm by means of mechanical grinding and polishing using metallurgical papers. One polished test coupon ͑CT1͒ was also slightly etched in a solution of 40 ml H 3 PO 4 , 5 ml HNO 4 , and 5 ml H 2 O at ϳ100°C for 20 min and was used for microtexture measurements by electronic backscattered diffraction pattern analysis. All of other three test coupons ͑CT3, ST1, and ST2͒ had the original sheet thickness of 0.95 mm and were tested in the as-received condition.
The standard test coupons were loaded on a hydraulic material testing system ͑MTS model 810͒ with a 20 kN load cell while the compact test coupons were stretched by a screw-driven minitensile tester ͑100 mmϫ 125 mmϫ 50 mm in total dimensions, a total crosshead travel of 50 mm, and a load cell of 4.4 kN maximum capacity͒. During the testing of the two compact test coupons CT1 and CT5, two long interruptions ͑ϳ2 h each interruption͒ and multiple short interruptions ͑100-140 s͒ were imposed, respectively. In each test, the thin flat test coupon was fully clamped at both ends and stretched under displacement control at a constant crosshead speed to achieve a range of nominal strain rates from 3 ϫ 10 −5 1 / s to 1.5ϫ 10 −4 1 / s. Both force and displacement data in the majority of the tests were recorded digitally at a rate of 8 Hz. A data acquisition rate of 100 Hz was used occasionally in some selected tests as well. The uncertainty in the load measurement was ±7 N and ±0.3 N for the 20 kN and 4.4 kN load cells, respectively.
To characterize the PLC bands spatially, the entire gage sections of one standard test coupon ͑ST2͒ and one compact test coupon ͑CT5͒ were imaged during tensile testing. Prior to the test, one flat surface of each tensile test coupon was decorated with finely sprayed black paint speckles to enhance the image contrast. The standard tensile coupon ST2 was imaged periodically at an interval of 4 -20 s using a digital camera ͑Canon EOS Digital Rebel͒. Each of the recorded digital images had a size of 3072 ϫ 2048 pixels with a spatial resolution of 37.4 m per pixel. The standard test coupon ST2 was stretched continuously by the MTS 810 testing machine to failure without any pausing while digital images ͑24-bit color͒ were recorded at a shutter speed of 1 / 100 s. On the other hand, tensile testing of the compact test coupon CT5 was interrupted frequently by completely stopping the step motor of the mini tensile tester after either a single serration or a series of serrations occurred. The compact test coupon CT5 was then imaged using a monochromic charge-coupled device ͑CCD͒ video camera with a telecentric zoom lens ͑55 mm/ F2.8, Edmund Scientific Co.͒. A frame grabber board ͑Data Translation DT3152͒ was used to digitalize the video frame into eight-bit gray-scale digital images with a size of 640ϫ 480 pixels and a spatial resolution of 9.9 m per pixel. To reducing image noises, each digital image was acquired by averaging a total of 60 video frames while the step motor of the mini tensile tester remained stopped. The CCD video camera was mounted on a XYZ translation stage and a series of four to five digital images were recorded by moving the CCD video camera along the axial loading direction to cover the entire gage section. A typical assembled image from these slightly overlapped digital images had a size of 2250ϫ 480 pixels. The recorded digital images were analyzed by an image correlation surface deformation mapping software developed in our own laboratory to obtain both cumulative and incremental surface strain maps of the test coupons. Details on the strain mapping via the image correlation analysis have been given elsewhere ͓8-12͔. The errors in local in-plane displacements, rigid-body rotation, and strain measurements were estimated to be about 0.02 pixels, 0.02 deg, and 400ϫ 10 −6 , respectively, for a macroscopically homogenous field ͓10͔. Table 1 presents a brief summary on the sample dimensions and loading conditions used in the seven uniaxial tension tests on AA5052-H32 ͑the machine stiffness ͑M͒ was computed based on the reloading slopes after load drops͒. Serrated plastic flow occurred in all of seven tests at the ambient condition according to the recorded axial load versus time data. Plastic deformation maps of the tensile test coupons in two tensile tests ͑CT5 and ST2͒ have also been obtained by image correlation analysis. Both temporal and spatial characteristics of the serrated plastic flow in AA5052-H32 observed in these tests are presented in the following.
Experimental Results

Temporal Characteristics of Serrated Plastic Flow.
The load P versus time t data for the test coupons CT2 and ST1 are shown in Figs. 1͑a͒ and 2͑a͒, respectively. Although the nominal applied strain rates in both tests were comparable ͑5 ϫ 10 −5 1 / s and 3 ϫ 10 −5 1/s͒, serrations in axial load occurred immediately after the plastic yielding in test coupon CT2 ͑me-chanically polished͒ but commenced until after ϳ1% plastic strain in test coupon ST1 ͑as-received͒. An expanded view of the selected successive load serrations at a later stage of each test is shown by the insert in both Figs. 1͑a͒ and 2͑a͒. The incubation Effective stiffness M ͑MN/m͒ strain of ϳ1% was also observed in the compact test coupon CT3 ͑as-received͒. As the AA5052-H32 sheet exhibits a significant degree of strain hardening initially, the magnitude of load serrations over the time in a test can be better illustrated by using the deviation in axial load ͑⌬P͒ ͑see Figs. 1͑b͒ and 2͑b͒͒. The deviation in axial load was computed by subtracting the average axial load ͑P ͒ from the recorded axial load: ⌬P = P − P . The average axial load was obtained by smoothing out all high-frequency variations in the original axial load data. The magnitude of the serrations in load was found to be around 30 N and 100 N for tests CT2 and ST1, respectively, and it increased slightly with increasing plastic deformation. The entire serrated flow data of four tensile tests ͑CT2, CT4, ST1, and ST2͒ are summarized in Fig. 3͑a͒ in terms of the normalized serrations ⌬P / P to account for the increased flow stress due to strain hardening and the difference in the crosssectional areas among test coupons. A more detailed view of about 40 individual serrations in terms of flow stress ⌬ = ⌬P / A 0 ͑where A 0 is the initial cross-sectional area of a test coupon͒ is given in Fig. 3͑b͒ . Those 40 or so serrations occurred at a later stage in each of the four tensile tests when the strain hardening effect was significantly diminished ͑see Figs. 1͑a͒ and 2͑a͒͒. Hundreds of serrations were detected in each tensile test up to a plastic strain of 10% or higher and each serration event consisted of a sudden load drop in ϳ0.03 s or less and a relatively much slower reloading step in a duration of 2 -10 s or more, depending on the applied crosshead speed and testing machine used in a tensile test ͑see Table 1͒ . The magnitude of serrations in flow stress varied mostly between about 2% and 4% of the current flow stress level of the material ͑Fig. 3͑a͒͒. A thinner test coupon ͑CT4͒ showed smaller but faster serrations than a thicker test coupon ͑CT2͒. On the other hand, a wider test coupon ͑ST1͒ showed only slightly larger but slower serrations ͑as compared to test coupon CT1; see Table 1͒ . That is, the reduction in test coupon thickness had a much significant effect on the serrations ͑in both magnitude and period͒. For a given test coupon geometry and the same testing machine, the increase in the applied nominal strain rate induced faster and slightly smaller serrations as well ͑see ST1 versus ST2 in Table 1͒ . When the serration period ͑the time interval between serrations͒ was 7 -10 s or longer, the serrations had a more or less uniform magnitude ͑see CT2 and ST1 in Fig. 3͑b͒͒ . Serrations with short periods ͑say, 2 -3 s͒ showed a much large scattering in their magnitude ͑see CT4 and ST2 in Fig. 3͑b͒͒. 
Spatial
Characteristics of the PLC Bands in the Standard Test Coupon ST2. As described in Sec. 2, the test coupon ST2 was stretched continuously and one of its flat surfaces was imaged periodically by a digital camera at a shutter speed of 1 / 100 s. Figures 4͑a͒ and 4͑b͒ show the two of the 128 acquired digital images of test coupon ST2 ͑the initially undeformed and the localized necking just prior to final failure͒. The front surface of the gage section was decorated with sprayed black paint speckles, and two black marked lines indicates approximately the end of the gradually tapered shoulder sections and the beginning of the straight gage section. Also shown in Fig. 4͑c͒ is the back surface of the test coupon imaged after fracture. Markings of a series of parallel PLC bands oriented in an angle of Ϸ −59 deg ͑clock-wise͒ with the tensile axis are faintly visible on the surface that was not sprayed with black paint speckles. The spatial characteristics in terms of plastic strain patterns of the individual PLC bands in AA5052-H32 are illustrated in Fig. 5͑a͒ by a set of eight successive incremental plastic strain maps. The eight incremental plastic strain maps were obtained by a correlation analysis of adjacent image pairs of nine images ͑Nos. 718-726͒ recorded during the experiment, and they reflected the active plastic flow events occurred within the time interval of 4 -6 s when a pair of images was taken. Figure 5͑b͒ shows the corresponding temporal characteristics in terms of load drops of the PLC bands captured in the eight incremental strain maps. The number of PLC bands in a strain map based on an image pair shown in Fig. 5͑a͒ was found to be identical to the number of major sudden load drops shown in Fig. 5͑b͒ between the time interval when the image pair were recorded. A grid point spacing of 5 ϫ 5 pixels and a subset size of 30ϫ 30 pixels were used in the image correlation analysis ͑noting each pixel corresponds to 37.4 m in these digital images͒. Also shown in Fig. 5 are the corresponding eight digital images of the test coupon. Each of these digital images was obtained by subtracting a digital image from its adjacent one and followed by an equalization adjustment of its histogram so the change of the optical intensity on the test coupon surface was magnified. Bandlike surface markings ͑with a number from one to four͒ can be seen in these enhanced digital images in Fig. 5 , and these markings were confirmed by the corresponding incremental plastic strain maps to be deformation bands with a significantly higher axial strain inside them. The deformation bands are of the so-called type-C Porvetin Le-Chatelier bands that were distinctly discrete and nucleated more or less randomly along the gauge section of the test coupon. Some of the PLC bands appeared in the tapered shoulder sections of the test coupon as well ͑see the No. 1 and No. 5 images and maps in Fig. 5͒ . The strain mapping results were less accurate in the shoulder section due to lack of optical contrast in the digital images ͑as no black paint speckles were applied to the shoulder sections; see Fig. 4͑a͒ . For a given time interval when a pair of digital images was taken, the number of serrations detected in the time versus load data was found to be identical to the number of individual bands detected by the digital images. The PLC bands shown in Fig. 5 are all tilted to the right with an angle of 59± 1 deg ͑counterclockwise͒ with respect to the horizontal tensile loading axis of the test coupon. In the early and later stages of the plastic deformation of test coupon ST2, a few PLC bands tilted to the left with an angle of 59± 1 deg were also occasionally detected. Figure 6 shows the distribution of axial normal strain along the centerline of the gage section of test coupon ST2 for the selected eight image pairs shown in Fig. 5 . The peak strain inside each deformation band varies from 0.6% to 1.5%, and the band width measured in terms of the full width at half height ͑FWHH͒ of each strain distribution profile is between 1.5 mm and 2.5 mm. As a comparison, the surface markings in digital images shown in Fig.  5 have a width of about 30 to 40 pixels ͑i.e., 1.1-1.5 mm͒.
Spatial Characteristics of the PLC Bands in the Compact Test Coupon CT5. The testing of compact test coupon CT5
was interrupted periodically by stopping the step motor of the mini tensile tester for 100-140 s, and multiple digital images were taken to cover the entire gage section at each interruption. One unique aspect of this test was that the testing was interrupted after single as well as multiple serrations were observed. Figure 7 shows the load versus time data for the test, which consisted of 20 loading steps with only a single serration and 20 loading steps with multiple serrations. Image pairs were analyzed for each loading step with only a single serration. A grid point spacing of 5 ϫ 5 pixels and a subset size of 50ϫ 50 pixels were used in the image correlation analysis ͑noting the digital images acquired in this test had a spatial resolution of 9.9 m per pixel͒. Half of the 20 loading steps with a single serration produced a single PLC band well within the gage section of the test coupon, while other half of the loading steps produced a single PLC band in the shoulder and gripping sections of the test coupon. The spatial morphology of these ten PLC bands within the gage section is shown in Fig. 8 . These PLC bands shown in Fig. 8 are tilted alternatively both to the left and to the right with an angle of 59± 1 deg with respect to the horizontal tensile loading axis of the test coupon. Figure 9 shows the distribution of axial normal strain along the centerline of the gage section of test coupon CT5 for the ten PLC bands shown in Fig. 8 . The peak strain inside each deformation band varied from 0.44% to 1%, and the bandwidth measured in terms of the full width at half height ͑FWHH͒ of each strain distribution profile was between 0.75 mm and 1.75 mm.
Discussion
Unstable plastic flow in metals and alloys under uniaxial tension have often been classified into two major categories ͓2,4͔: ͑i͒ The Lüders band that is associated with normally a single set of upper and lower yield points and ͑ii͒ the Portevin-Le Chatelier band that is associated with repeated serrations as observed in the Fig. 4 Images of test coupon ST2: "a… the initially undeformed coupon, "b… appearance of a diffuse neck prior to final failure, and "c… surface markings due to PLC bands "after fracture…. Images "a… and "b… are the front surface decorated with sprayed black paint speckles, and image "c… is the back surface without paint speckles illuminated at a glancing angle. The orientation angle "… of the PLC bands was about −59 deg "clockwise…. 
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Transactions of the ASME AA5052-H32 sheet in this study. Upon the load drop from the upper yield point to the lower yield point, a Lüders band usually nucleates at one shoulder end of the test coupon and propagates continuously toward the other end at the constant lower yield point flow stress level. Once the test coupon is uniformly deformed at the so-called Lüders strain throughout the gage section, the plastic deformation proceeds stably and uniformly at the macroscopic scale with positive strain hardening. On the other hand, the PLC band ͑type C͒ nucleates and grows more or less randomly or spatially uncorrelated all over the test coupon in a very short duration of each load drop ͓4,14-24͔. Contrary to the commonly held assumptions that type C PLC bands may have well-defined sharp front and rear edges during its growth stage and a final uniform strain distribution ͓4͔, our detailed plastic incremental surface strain mapping results of both test coupons CT5 and ST2 show instead that each PLC band has a bell-like strain distribution with a peak strain right in the center of the band and a gradual reduction in strain at the band edges. In particular, the results of test coupon CT5 unambiguously indicated that there are no steplike strain distributions at the PLC band edges as the strain maps of the ten single PLC bands associated with ten single serrations in test coupon CT5 have an exceedingly high spatial resolution of 49.5 m per grid point ͑recall that the grid point spacing of five pixels in the image correlation analysis and the pixel resolution of 9.9 m͒. Consequently, the plastic deformation accumulated inside a PLC band under constant crosshead speed loading is most likely due to a burst of the high strain-rate event of spontaneous nucleation, growth, and decay, and it is not due to the propagation of a sharp deformation front from one edge to another edge of the PLC band in the axial loading direction during each load drop. Newly obtained experimental results based on time-resolved strain mapping measurements using an ultrahigh-speed digital camera are found to be consistent with these observations ͓19͔.
Our experimental results have shown that interruptions longer than 100 s in a tensile test of AA5052-H32 test coupons did not significantly affect the subsequent serrated plastic flow behavior. The tensile test of test coupon CT1 was interrupted to complete unloading for 2 h at 5% and 10% plastic strain, respectively. The tensile test of test coupon CT5 was interrupted periodically for stress relaxation of 100-140 s after either single or multiple serrations. The resulting serrations in CT1 and CT5 were found to be similar to those found in test coupon CT2 ͑continuous tensile loading͒. It appears that dynamic strain aging occurred and completed in a fairly short duration ͑tens of seconds at most͒, and there was little additional static strain aging effect at all in AA5052-H32. On the other hand, our experimental results have shown that the temporal characteristics of serrated plastic flow are rather sensitive to the geometry or size of test coupons ͑especially the coupon thickness͒, loading machine stiffness, and even mechanical polishing. For example, using the same mini tensile tester and under the identical constant crosshead speed loading, normalized serrations in a thinner test coupon ͑CT4͒ were much faster and lower in magnitude that those in a thicker test coupon ͑CT2͒ ͑see Fig. 3͑b͒͒ . Normalized serrations of a wider and longer test coupon ͑ST1͒ were somewhat slower and higher in magnitude ͑cf. CT1͒, although both tests were carried out at the same overall strain rate and reloading stress rate ͑see Table 1͒ . Consequently, any simple statistical analysis of serrations in the time domain ͓5-7͔ should be treated with caution, because there exists a strong coupling between the intrinsic material constitutive behavior and external mechanical boundary conditions ͓15-23͔. Comparison between different tensile tests even under the same nominal strain rate may not be meaningful if the effects of geometry and size of test coupons and boundary loading conditions ͑such as machine stiffness͒ imposed by different test machines were not considered as well ͑e.g., by means of two-dimensional ͑2D͒ or even threedimensional ͑3D͒ finite element full field analyses͒. As a PLC band was developed during each load drop in a very short time interval of 0.03 s or less, the actual local strain rate inside the band could be at least as high as 0.1-1.0 1 / s or more ͑recalling the peak band strain varied from 0.4% to 1.5%͒.
The existence of an incubation or critical strain for serrated plastic flow has been attributed to the requirement of PLC effects on the solute atom mobility that can be enhanced by the increasing bulk vacancies due to plastic deformation ͓4,18͔. It is interesting to note that the onset of serrated plastic flow in thin sheets can be advanced right to the start of plastic yielding by using much thinner test coupons. One possible explanation is that plastic deformation in the thin surface layer of the AA5052-H32 sheets through the normal metallurgical polishing ͑for preparation of thinner coupons͒ was sufficient to promote their solute atom mobility. Another plausible explanation is the stronger free-surface effect ͑via the stronger image force acting on the dislocations inside the sheet metal͒ in thinner coupons. As our experimental results show that type C PLC bands grow and decay spontaneously in a localized and nonpropagating manner, the occurrence of type-C PLC bands is a nucleation-dominant event. Thus, the existence of nucleation centers or sites and the stress level that exceeds the critical band nucleation threshold ͑through at least the thickness of a thin sheet͒ are the necessary and sufficient conditions, respectively. The so-called incubation or critical strain for the serrated plastic flow of type C can then be understood as the need to raise the stress level ͑via strain hardening͒ in the test coupon up to the band nucleation threshold. The disappearance of the incubation strain in the thinner and or polished test coupons can be understood as the reduction of the threshold stress level for band nucleation. Furthermore, the difference between the type-B ͑spatially correlated͒ and type-C ͑spatially uncorrelated͒ PLC bands can be understood as the difference of the material heterogeneity in terms of the band nucleation threshold: type-B bands occur when the material is rather homogenous and the slight stress increase due to a band formation is sufficient to exceed the nucleation threshold of the neighboring material. On the other hand, type-C bands appear when the material is highly heterogeneous in terms of the band nucleation conditions. Clearly, further systematic research on the band nucleation conditions in terms of material processing and sample preparation as well as the underlying dislocation dynamics at the meso scale of the sheet thickness is of great importance. Existing theoretical modeling efforts ͓16,17,20-24͔ thus far have mostly focused on the behavior of type-A ͑continuously propagating͒ PLC bands and have not successfully and satisfactorily addressed this critical issue related to the understanding of the nonpropagating type-B and type-C PLC bands.
Although the formation of PLC bands occurred locally in a narrow cross-sectional region of a test coupon in a very short time due to the release of aged dislocations in the material, these deformation bands should nevertheless still obey the macroscopic kinematics constraints on the plastic flow. The later can be illustrated by considering the orientation of PLC bands. Based on the plastic strain mapping results for ST2 and CT5, the ratio of the transverse over the axial plastic strain ␣ was found to be −0.38 ͑so the plastic strain ratio R of the AA5052-H32 sheet is 0.61͒. If a PLC band was indeed treated as a localized neck oriented toward the line of zero extension as suggested by Hill ͓25͔ in the flat surface of the test coupon, then one has ͑based on the coordinate transformation of strain tensor and our experimental data showing that the shear strain increment ⌬ 12 was negligible in uniaxial tensile tests͒
where ⌬ 1 b is the strain increment along the direction of a PLC band, ⌬ 1 and ⌬ 2 are the strain increments in the axial and transverse directions of the test coupon in the PLC band, and is the angle between the PLC band and the axial loading direction ͑see Fig. 4͑c͒͒ . Using the measured ␣ = −0.38, one obtains = ± 58.3 deg, which are virtually identical to the PLC band orientation angles ±59± 1 deg measured for both test coupons CT5 and ST2. The PLC band orientation angle is different from ±54.7 deg ͑for an isotropic material with ␣ = −0.5͒ reflects the fact that the plastic flow inside a PLC band is still affected by the macroscopic anisotropy of the polycrystalline material. The explanation on the inclined PLC bands based on the microscopic mechanism of collective dislocation motion over multiple grain boundaries given by Wen and Morris ͓18͔ is thus questionable as the plastic strain ratio R is known to be related to the texture of the polycrystalline metals, and there is no direct experimental evidence supporting either the collective motion of dislocations or the propagation of type-B or type-C PLC bands in the axial loading direction.
The machine equation for the uniaxial tensile test under displacement control can be written as ͓16,17͔
where V 0 is the imposed constant crosshead speed at the ends, K is the total axial stiffness of the machine and the specimen, Ḟ is the axial loading rate, L is the entire length of the tensile sample between the grips, and 1 p is the axial plastic strain rate along the loading direction. When a type-C PLC band nucleates and grows over a short period of time ⌬t, one can integrate Eq. ͑3͒ to obtain
where ⌬F is the magnitude in a sudden load drop corresponding to the PLC band creation, and ⌬ b1 p is the axial plastic strain increment accumulated only inside the band with a width w b . When the strain profile inside a band is approximated as a triangular shape and the PLC band develops quickly ͑i.e., ⌬t is sufficiently small so V 0 ⌬t is negligible͒, one has
where ⌬ b max is the maximum or peak strain increment inside a PLC band and w b h is the FWHH measured from an incremental axial strain profile of the PLC band ͑e.g., see Figs. 6 and 9͒. Indeed, this investigation shows that a simple relationship between the magnitude of peak strain inside a PLC band and the magnitude of load drop in each serration did not exist as the width of a PLC band was not constant at all for the same tensile specimen. Consequently, the common use of the magnitude of stress drop in either experimental data analysis ͓18,21͔ or theoretical modeling ͓21,22͔ may not be valid without additional information on the sample thickness and machine stiffness as well as the more detailed measurements on the band strain ⌬ b max and band width w b h .
